Pengendali self balancing robot (SBR) 
Introduction
A self balancing robot (SBR) is two-wheel robot which can balance itself against disturbance. The SBR is very interesting plant due to its instability. The challenge is to control the SBR in order to balance itself in various conditions.
The SBR is already implemented as urban transportation. It was Segway which popularizes this idea. Another idea of self balancing robot is bicycle robot. The controller of this robot has to detect the inclination of the body and steer it as human rides real bicycle. No matter what kind of two-wheeled robot, the main point is to detect the inclination of the platform. One of the important parts in this system is sensor to detect tilt position. It is common to use combination of accelerometer and gyroscope for the sensing system. Unfortunately, there are a lot of accelerometer and gyroscope sensors we can buy from various manufacturers. This paper evaluates the performance of two accelerometer sensors, i.e. MMA7260QT from Freescale Semiconductor and ADXL345 from Analog Devices.
Both sensors are three-axis accelerometer but the MMA7260QT has analog output with MEMS technology [1] while the ADXL345 is digital output via I2C bus [2] . Important points for performance evaluation in this research are interfacing to microcontroller, reading sensor data with microcontroller, noise and combination with gyroscope sensor. The gyroscope sensor is ITG3200 from InvenSense [2] .
Some might think that accelerometer in the SBR is used to detect the acceleration of the robot. For, some reason, this idea is correct but the acceleration is not the point in the SBR.
Indeed, from its name, the accelerometer detects acceleration usually written in m/s 2 . This unit is the same as gravity. So this sensor must detect the gravity also. When the gravity is parallel to its axis, the sensor detects 1g along that axis. The sign is either positive or negative, it depends the direction of the axis. The other axes which are perpendicular to the gravity will give 0g. This is called the static acceleration. Figure 1 . Accelerometer orientation for each axis [3] When the axes are neither parallel nor perpendicular, the static accelerometer is no longer 1g or 0g. The values depend on the inclination of the sensor. We can calculate the acceleration detected by each axis with trigonometric formula or the other way around.
Since the accelerometer signal is buried in noise, the inclination will be noisy too. For this reason, a gyroscope is placed to help the system calculate the inclination of a platform. Unfortunately, gyroscope suffers from drift. So, Kalman filter is used to combine signals from both sensors to produce inclination information [4] . As Kalman filter is also useful in estimation [5] . Here, the Kalman filter is used to estimate drift of the gyroscope.
Research Method
Both sensors are placed on the same board and experience the same acceleration by rotating the platform. The accelerometers are used to detect the inclination of the platform as it is used on the SBR project. Angle is measured from normal line of the platform. See figure 2 for detail.
Zero degree means the platform is in horizontal position. When the platform is in vertical position, we called this position ninety degree. With this convention, we have two ninety degree positions, i.e. 90 and -90 degree. One axis of the sensor is used to feel the gravitation. In order to use the accelerometer to measure an inclination of a platform, it is important to derive a formula for this purpose. Figure 3 shows one axis of an accelerometer with inclination  and  degrees from the zero degree reference point (see figure 2) . The output of the accelerometer is AccY for its vector is parallel with 1g. So when the platform is in zero degree position, the output must be 0g. In analog accelerometer, the output is half of the power supply. For digital accelerometer, the output is half of the full scale reading.
When the platform starts to incline up or down, the AccY changes from 0g to either positive (figure 5a) or negative (figure 5b) values. As the inclination is increasing, the AccY might be either 1g or -1g. This condition means  and  is 90 o . The relationship between Acc and AccY can be written as
With Acc equal to 1g and AccY value is converted to g, (1b) can be written as
with A is a fraction of AccY (in term of g) divided by 1g, so A is unitless. Angle  (and ) is the inclination angle of the platform. This is the interest angle of the SBR controller. Unfortunately, the angle signal is noisy due to the sensitivity of the accelerometer.
First, it is interesting to compare noise level from both sensors at stationary condition. It means the platform is still and one the axis 'feel' 1g and the other 0g. When there accelerometers experience stable acceleration, i.e. 1g downward, the output must be around certain value and there is no oscillation. The oscillation can be considered as noise. This experiment will be conducted for several inclinations. Second, the board is rotated slowly with the same inclination for both directions. For this purpose, a servo motor is used to change the inclination. The maximum angle for both directions is 30 o because when the angle is greater than 30 o , it is difficult for the controller to run the motor in order to balance the platform [6] .
The second phase has several variations for the inclination. Angle variation is one of them. Besides, it is also important to use various speed to rotate the platform. The goal of this experiment is to evaluate the response of the sensor to detect inclination in the presence of angular acceleration.
Third, the accelerometers are working together with a gyroscope to measure inclination. Combination of accelerometer and gyroscope on the SBR project is very common. The fusion accelerometer and gyroscope uses either complementary filter [7] or Kalman filter [4] , [8] , [9] . The gyroscope for this research is ITG3200 from InvenSense.
The final goal of these experiments is to give a recommendation for accelerometer for SBR project. Some drawbacks of the implementation are explored also.
Hardware Implementation
Microcontroller used in this research is Arduino Uno SMD edition. The Arduino uses AVR microcontroller and it is an open source project so anyone can make his own Arduino board. Detail information about this wonderful project can be found at http://www.arduino.cc.
The ADXL345 and ITG3200 are connected to I2C bus of the Arduino. The SDA and SCL pins are A4 and A5 respectively. So the connection for these digital output sensors is very simple. Compare to the previous sensors, the MMA7260QT is little bit complicated. Pin gSelect1 and g-Select2 must be set to the lowest sensitivity, i.e. 200mV/g. Using the highest sensitivity, 800mV/g, is not recommended due to its noise [9] .
Software Implementation
The initialization of the ADXL345 can be read from [10] . It is simply set the Power On register to measure mode. The sensitivity is set to the lowest, i.e. 3.9mg/LSB. The MMA7260QT does not need an initialization because its operation is controlled from logic value of g-Selec1 and g-Select2. With both pins get 3.3 volt, the MMA7260Qt is set to the lowest sensitivity also, i.e. 16mg/LSB.
Results and Analysis

Still Platform Experiments
The first experiment is to compare the noise level for both accelerometer sensors when the platform is at zero degree. Figure 4 shows the angle measured by both sensors.
It is shown that the noise level of the ADXL345 is smaller than the MMA7260QT, even both sensors are configured at the lowest sensitivity. The standard deviations of these measurements are 0.389 and 1.674 degrees for the ADXL345 and the MMA7260QT respectively. These values mean that the ADXL345 has higher consistency compare to the MMA7260QT.
The average value for these measurements is -1.814 and -0.721 degrees for the ADXL345 and the MMA7260QT respectively. Although the former sensor is not accurate as the later, this gives no further problem. User can add such an offset to compensate this error.
Next, the platform is positioned such that the sensor feels 1g. This position of the platform is ninety degree. Figure 5 shows the angle measurement for ninety degree in both directions.
The standard deviations for the ADXL345 and the MMA7260QT for ninety degree measurement are 0.122 and 0.923 degree respectively. For minus ninety degree, the standard deviations are 0.528 and 0.882 degree for the ADXL345 and the MMA7260QT. From these values, we can see that the ADXL345 gives higher consistency for the output. In other words, it is more stable. The average measurement error reading can be handled with such an offset.
As the limit of the platform inclination is thirty degree, it is necessary to measure response of the sensors for this position. Figure 6 shows the measurement for thirty degree position. This measurement also shows that the ADXL345 has higher consistency value based on the standard deviation value, 0.590 compare to 0.934 for thirty degree and 0.000 compare to 0.719 for minus thirty degree. Table 1 shows summary of the average and standard deviation for both sensors in all positions. 
Rotating Platform Experiments
The goal of this experiment is to evaluate the response of both sensors when the platform is moving as in the SBR and the accelerometer is used to measure the inclination. The platform does not move regularly as in real SBR. Figure 7 and 8 shows the angle measurement when the platform is moving.
The measurement shows that both sensors can get the angle position. It is around ±30 o (figure 7) and ±15 o ( figure 8 ) with small deviation. Although the MMA7260QT is a little behind the ADXL345 for the stationary position, these experiments show that both sensors have good performance for dynamic response, except when there is sudden direction changing of the platform.
The deviation in the measurements is due to the movement of the platform. The accelerometers do not only measure the acceleration from the gravity to measure the inclination but also acceleration of the platform when it is moving. This gives such an angle deviations. For the SBR application, the deviation must be avoided since the controller balance the SBR based on the angle position.
For this reason, the SBR must add gyroscope sensor to measure the inclination of the platform. Combination of accelerometer and gyroscope to measure inclination is called IMU (Inertial Measurement Unit) and the best algorithm for the IMU application so far is the Kalman filter [9] . The Kalman filter is already optimized for the Arduino. This paper does not discuss the tuning parameter for the Kalman filter; [9] shows how to tune the parameters. 
Kalman filter Experiments
The gyroscope for this experiment is the ITG3200 from InvenSense. It is 3-axis digital output gyroscope sensor with I2C interface. Connecting the ITG3200 to the Arduino is very simple because it shares the same I2C bus with the ADXL345. Figure 9 shows the data fusion of accelerometer and gyroscope for the ADXL345 and the ITG3200. The Kalman filter can estimate the angle correctly and suppress the noise. This is very helpful for the controller in order not to handle noisy angle measurement. The Kalman filter performance for the MMA7260QT and the ITG3200 combination works well, see Figure 11 . Noisy signal from the MMA7260QT can be handled smoothly and the Kalman filter can estimate the angle position of the platform. Figure 12 zooms the last part of the measurement in Figure 11 . The Kalman filter successfully smooths the angle measurement from the MMA7260QT. 
Conclusion
From the stationary point of view, the ADXL345 shows better response than the MMA7260QT based on its consistency values. This consistency value is important to guarantee the output of sensors is stable enough when the platform is still. Both sensors have such an The dynamical response of both sensors is the same. It is difficult to justify the performance due to acceleration sensed by the sensors when the platform is moving. Here, the sensors do not only sense the gravity to measure the inclination but also the platform acceleration. This might add some noise in the measurement and make the controller detect the wrong angle. Later, this wrong angle influences the controller calculation result and finally alters the position of the platform. Generally, both sensors can be used to measure real angle but it is important to handle the noise.
Noise from the dynamical response must be suppressed. A gyroscope is used and the Kalman filter algorithm combines data from the gyroscope and accelerometer into single data, i.e. angle. The implementation of the Kalman filter on both accelerometers shows good result. Noise can be suppressed well.
From hardware point of view, connecting the ADXL345 is easier than the MMA7260QT. The former only uses four cables but the later uses at least six cables (because it is operated the lowest sensitivity).
From software point of view, writing the code for the ADXL345 is more difficult because it uses either I2C or SPI interface. Fortunately, this project uses Arduino board with embedded library in it. One of the libraries supports the I2C operation. This makes the coding simpler. The MMA7260QT only uses ADC and it only need ADC initialization process.
From several points in this research, the authors recommend to use ADXL345 for the SBR application because the noise is small and it is easy to connect the sensor to the controller. Besides, the ADXL345 has several useful features to handle abrupt acceleration. This is very common in the SBR application.
